During an investigation of arboviruses in China, a novel dsRNA virus was isolated from adult female Armigeres subalbatus. Full genome sequence analysis showed the virus to be related to members of the family Totiviridae, and was therefore named 'Armigeres subalbatus totivirus' (AsTV). Transmission electron microscopy identified icosahedral, non-enveloped virus particles with a mean diameter of 40 nm. The AsTV genome is 7510 bp in length, with two ORFs. ORF1 (4443 nt) encodes the coat-protein and a dsRNA-binding domain (which may be involved in the evasion of 'gene silencing'), while ORF2 (2286 nt) encodes the viral RNA-dependent RNA polymerase (RdRp). The AsTV coat protein shows a higher level of amino acid identity with Drosophila totivirus (DTV, 52 %) than with infectious myonecrosis virus (IMNV, 29 %). Similarly, the RdRp shows higher identity levels with DTV (51 %) than with IMNV (44 %). Identity levels to other members of the family Totiviridae, in either the coat protein or the RdRp, ranged from 6 to 11 %. Based on a recent reassessment of the coding strategy used by IMNV, we suggest that an AsTV coat-RdRp fusion protein could be synthesized via a "1 frameshift. Elements favouring "1 frameshift such as 'slippery heptamers' and pseudonkots, were identified in the AsTV, DTV and IMNV genomes. AsTV was shown to grow in both mosquito and mammalian cells, suggesting that it is an arbovirus that can infect mammals.
INTRODUCTION
The family Totiviridae contains viruses with genomes composed of a single molecule of dsRNA that is 4.6-7.0 kbp in length. Totivirus particles are approximately 40 nm in diameter with icosahedral symmetry. The genome encodes a capsid protein (CP) and an RNA-dependent RNA also been provisionally placed, as tentative species within the family Totiviridae [including Penaeid shrimp infectious myonecrosis virus (IMNV)].
As discussed by Ghabrial & Nibert (2009) , it has previously been suggested that members of the family Totiviridae can use one of three translation strategies: (i) the RdRp and CP are translated as a fusion protein from a single and continuous ORF, followed by proteolytic cleavage [as in the smut fungus virus Ustilago maydis virus H1 (genus Totivirus)]; (ii) the RdRp and CP are translated as a fusion, from two overlapping but out of phase ORFs, using a '21 ribosomal frame-shift', followed by proteolytic cleavage (as in Saccharomyces cerevisiae virus L-A and members of the family Totiviridae that infect protozoa); and (iii) the RdRp and CP could be translated as separate proteins by a translation termination, followed by an internal reinitiation from two distinct and non-overlapping ORFs [as suggested for Helminthosporium victoriae virus 190S and other totiviruses that infect filamentous fungi] (Ghabrial & Nibert 2009 ).
Sequence analyses of unclassified isolates (such as IMNV) indicated two separate but non-overlapping ORFs, implying that the RdRp and CP could be translated as separate proteins by a translation termination, followed by an internal re-initiation from two distinct and non-overlapping ORFs. However, a reassessment of the coding strategy identified elements that strongly suggest use of a '21 frameshift' during translation, to generate a fusion between the coat protein and the RdRp (Nibert, 2007) .
We report the first isolation of a totivirus from mosquitoes, which were collected in the Shaanxi Province of China, during a survey of arboviruses in 2006. The virus was first isolated from a pool of Armigeres subalbatus mosquitoes and was therefore named as 'Armigeres subalbatus totivirus' (AsTV). More recently a member of the family Totiviridae, which has been shown to be related to IMNV, was also isolated from Drosophila melanogaster cell lines (Wu et al., 2010) . AsTV therefore represents the third isolate of a virus from the family Totiviridae, from arthropods. We report the complete nucleotide sequence and analysis of the AsTV genome.
RESULTS

Virus isolation, electron microscopy and identification of the genome composition
The virus was initially isolated in Aedes albopictus C6/36 mosquito cells, in which it caused the cell monolayer to detach. Virions were purified from infected culture supernatants by centrifugation over a sucrose cushion, then stained with phosphotungstic acid. Examination by electron microscopy identified virus particles~40 nm in diameter (Fig. 1a) . For archiving purposes, the isolate was designated AK-20.
The presence of the viral genome was confirmed by agarose gel electrophoresis (AGE) of RNA extracted from C6/36 cells, showing a band at approximately 8000 bp in the infected cells. Treatment with DNase I or S1 nuclease did not affect migration during AGE and no degradation was observed, indicating that the genome is not DNA or ssRNA. Digestion with RNase A under low salinity conditions (but not at high salinity) did result in degradation of RNA Poulos et al., 2006) , indicating that the genome is dsRNA (Fig. 1b) . Lane M contains DNA size markers; lanes 1-6 contain AsTV nucleic acid; lanes 7-12 contain plasmid DNA; lanes 1 and 7, no treatment; lanes 2 and 8, treatment with DNase I (10 U); lanes 3 and 9, treatment with RNase A (25 ng) in 0.2¾SSC buffer; lanes 4 and 10, treatment with RNase A (25 ng) in 2¾SSC buffer; lanes 5 and 11, treatment with mung bean nuclease (2.5 U); lanes 6 and 12, treatment with S1 nuclease (2.5 U).
Sequence analysis of the AsTV genome
Identification of ORFs. Sequence analysis of the AsTV genome showed that it is 7510 bp in length, containing two non-overlapping ORFs. The nucleotide sequence data has been deposited in GenBank as accession number EU715328. The first ORF (ORF1) spans nt 472-4911 (4440 nt in length) encoding a 1480 aa protein, while the second ORF (ORF2) spans nt 5145-7427 (2283 nt in length) encoding 761 aa. These ORFs are similar in size and organization to those of IMNV (Poulos et al., 2006; Nibert, 2007) . Nibert (2007) has reassessed the IMNV coding strategy and suggested that a 21 frameshift generates a fusion of the IMNV polymerase and CPs, from the two ORFs. If the AUG start codon (position 5241-5243) is not considered as being the start of IMNV ORF2, there should be an overlap between both ORFs, and this AUG could therefore code for an internal methionine. It is therefore possible that ORF2 could be translated as a fusion protein with ORF1 through a 21 ribosomal frameshift within the region of overlap. The identification of 'slippery heptamers' followed almost immediately by a pseudoknot, supports this conclusion.
Sequence analysis of AsTV shows that (like in IMNV) there is an overlap region between ORF1 and ORF2 (Fig. 2) . Sequence analysis of the overlap region showed the existence of a potential slippery heptamer (UAUUUUU) that is in agreement with the definition XXXYYYZ (where X is A, C, G or U, Y is A or U, and Z is A, C or U) previously suggested (Bekaert & Rousset, 2005; Jacks et al., 1988) and described as a pseudoconsensus. This heptamer is located at position 4756-4762 (Fig. 3a) and has a preceding GC dinucleotide that favours frameshift (Bekaert & Rousset, 2005; Jacks et al., 1988) . This dinucleotide was previously found preceding the slippery heptamer [which also contains poly(U)] of the lactate dehydrogenaseelevating virus (family Arteriviridae). A 21 frameshift would generate the amino acid sequence '....KSYFFRCN...' in the AsTV fusion protein (the underlined sequence is from the first ORF and the italic sequence is from the second ORF). Sequence alignment of IMNV ORF1 with that of AsTV indicates that the 'KSYF' sequence aligns with 'KSGF' in IMNV, where the fusion sequence would be KSGFYECP.
A class 1 pseudoknot involving 46 nt (at position 4833-4878 of AsTV) was identified by using the HPknotter program (Fig. 3b) . A similar predicted pseudoknot was previously identified at nt position 4818-4862 in IMNV (Nibert, 2007) . The predicted AsTV pseudoknot is 73 nt downstream of the heptamer's end, as compared with 120 nt in IMNV. A comparison of the two pseudoknots is shown in Fig. 3(b) . The predicted AsTV pseudoknot has a minimal free energy (MEF) of 213.8 Kcal mol 21 as compared with 210.1 Kcal mol 21 for IMNV. RNA pseudoknots are known to help pause the translating ribosome, increasing the frequency of frameshift (Brierley et al., 1989; Giedroc et al., 2000; Plant et al., 2003) , which could facilitate translation of ORF1 and ORF2 as a fusion polyprotein.
The 6780 bp genome of Drosophila melanogaster totivirus (DTV) was recently identified by deep sequencing of Drosophila cell lines (GenBank accession no. NC_013499). The organization of the genome is similar to that of IMNV and AsTV, with two ORFs (Poulos et al., 2006) . DTV also contains a slippery heptamer (ACUUUUU) at nt position 4062-4069. The fusion sequence in DTV would be SKTFFRCS. A pseudoknot was also identified at position 4316-4354 of the DTV genome, with an MEF of 25.8 Kcal mol
21
, which is lower than those of AsTV and IMNV. The fusion site has similar sequences in the three viruses, with conserved lysine, serine and phenylalanine/tyrosine residues. This suggests that AsTV, IMNV and DTV share similar translation strategies, potentially using 21 frameshift to generate a fusion protein.
Identification of motifs and domains
Analysis of the predicted amino acid sequence translated from AsTV ORF1, identified one nonapeptide, GDV-ESNPGP (position 313-321). IMNV virus has an identical sequence, but at position 86-94, and a related sequence at position 370-378 (GDVEENPGP), which was not detected in AsTV. These sequences are identical to the 2A or '2A-like' motifs in polyproteins of several positive-stranded or dsRNA viruses belonging to families Picornaviridae, Dicistroviridae, Tetraviridae and Reoviridae (Donnelly et al., 2001; Palmenberg et al., 1992 , Nibert, 2007 . These viruses include foot-and-mouth disease, cricket paralysis, Perina nuda picorna-like, Ectropis obliqua picorna-like viruses and rotavirus C (NS34 protein), all of which contain the nonapeptide GDVESNPGP. They also include Thosea asigna virus, which possesses the nonapeptide GDVEENPGP ( 1992, Nibert, 2007) . Aa 285-321 from AsTV ORF1, which precede and include the '2A motif', show a significant match with aa 915-954 of the foot-and-mouth disease virus sequence (with 59 % identity; 70 % similarity). Our analysis also identified a 2A-like motif (GVKPNPGP) in the sequence of the DTV coat protein precursor at aa 72-79.
Within these motifs, the G-P peptide link is cleaved. The exact mechanism of cleavage is not known, though it is believed that this is a co-translational process. It has been hypothesized that the 2A sequence impairs normal peptide bond formation between the glycine and proline through a ribosomal skip mechanism, without affecting the translation of the downstream sequence (Chinnasamy et al., 2006) . The identification of such motifs in AsTV suggests that the product of ORF1 would be co-translationally processed into two polypeptides of 320 and 1160 aa. This contrasts with the IMNV ORF1, which is processed into three portions of 93, 284 and 1228 aa (Nibert, 2007) . The amino-terminal end of the IMNV coat protein was previously determined experimentally (Poulos et al., 2006) . The mature coat protein is encoded by nt position 2248-4953 and was found to start with the peptide sequence IVSM--. This reflects further cleavage of the initial 1228 aa fragment, through a distinct process, into 327 and 901 aa fragments (the latter representing the mature coat protein). Sequence alignment of ORF1 showed that the experimentally determined NH 2 terminal of the IMNV coat protein aligns with the tetra-peptide ILSN of AsTV, suggesting that this is the start of the AsTV major coat protein, which would therefore be 891 aa in length.
Sequence analysis of the AsTV proteins using Pfam, identified a 68 aa dsRNA-binding domain, between aa 221 and 288, Fig. 4 . Pfam uses hidden Markov model (HMM) based profiles to identify or predict protein functionalities (Sonnhammer et al., 1998; Camproux et al., 1999) . It has been reported previously that the 93 aa NH 2 -terminal fragment from IMNV ORF1 (released by the activity of the 2A-like motif) contains a domain showing similarities to dsRNA-binding domains (Poulos et al., 2006; Nibert, 2007) . These dsRNA-binding domains might be involved in evasion of innate immunity mechanisms, such as RNA-silencing (Lichner et al., 2003; Poulos et al., 2006) .
The full-length genome of AsTV is 7510 nt in length. Nt 2-17 represent an inverted complement, which matches nt 7509-7493 (Fig. 5) , thereby forming a 'panhandle' structure. Such structures have previously been reported for several viruses including Colorado tick fever virus (a tick-borne dsRNA virus of the family Reoviridae; Attoui et al., 1997), bunyaviruses (Kohl et al., 2004) , infectious bursal disease virus (a dsRNA virus of the family Birnaviridae; Mundt & Müller, 1995) , wound tumor virus (a dsRNA plant virus of the family Reoviridae; Anzola et al., 1987) and influenza virus (Hsu et al., 1987) . The panhandle structure could potentially function as a guiding site for the virus-specific RdRp. In bunyaviruses, it was also suggested that cooperation between the 39-and 59-terminal sequences is necessary for efficient transcription and translation (Kohl et al., 2004; Barr & Wertz, 2004) . 
Phylogenetic analysis
The pair-wise amino acid identity of the AsTV RdRp to that of other totiviruses ranges from 6 to 51 %. However, even viruses showing very low levels of amino acid identity over the full-length of the RdRp still showed amino acid identity as high as 28 % within the RdRp functional region (between aa 260 and 470). These viruses also showed 7-52 % aa identity for the coat proteins (Table 2) . Highest identity levels were detected between AsTV and IMNV or DTV (29 or 52 %, respectively, in the coat protein and 44 or 51 %, respectively, within the RdRp). These distances indicate that IMNV, DTV and AsTV should be classified as three separate species within the family Totiviridae.
Phylogenetic analyses using p-distance and Poisson correction, showed differences in the grouping of viruses based on their assignments as members of a given genus. In general, better supported groupings (high bootstrap confidence levels) were obtained with the Poisson's trees (Fig. 6) . This is particularly visible in the clustering of Ustilago maydis virus H1 (UmV-H1) among other members of the genus Totivirus in the Poisson's trees (Fig. 6) , while it roots the giardiaviruses in the coat protein p-distance tree and the totiviruses and other members of the family in the RdRp p-distance tree ( Supplementary Fig.  S1 , available in JGV Online). The only exception for the RdRp trees is Giardia lamblia virus (GLV -the type species of the genus Giardiavirus) which clusters separately from the other isolates of the same genus in both p-distance and Poisson's trees. Previous phylogenetic analyses using the most conserved sequences of the totivirus RdRps identified a similar grouping where GLV did not cluster among other giardiaviruses (Ghabrial & Nibert, 2009 ). In both the coat and the RdRp trees, IMNV, AsTV and DTV are members of a separate but closely related cluster, which represents a proposed novel genus (Artivirus) within the family Totiviridae.
Assessing the replication of AsTV in mammalian cells
The replication of AsTV was assessed in BSR, BHK-21 and Vero cells. Isolate AK-20 caused extensive cell lysis in BSR cells but not in BHK-21 or Vero cells. RNA extracted from infected cells and purified by lithium chloride precipitation was subjected to RT-PCR using sequence specific primers (AsTVfor/AsTVrev) designed from the sequence of AsTV. Amplification was observed with the BSR cell extracts, but not those from the Vero or BHK-21 cells. The amplified cDNA products were sequenced and found to have both the expected size (332 bp) and an identical sequence to the region from which they had been amplified (position 6440-6771). The cytopathic effects and the intensity of the PCR bands were similar after seven passages in BSR cells, indicating sustained replication.
DISCUSSION
Until the isolation of the IMNV from Penaeid shrimps (Litopenaeus vannamei) in north-eastern Brazil in 2005 (Tang et al., 2005) , the family Totiviridae only contained monopartite dsRNA viruses that infect protozoa and fungi. IMNV was therefore the first member of the family Totiviridae isolated from an arthropod. A second 'arthropod' totivirus was identified from Drosophila melanogaster cell lines in 2009, by deep sequencing, and was named Drosophila totivirus (DTV). We describe a full-length sequence analysis of the dsRNA genome from a third arthropod totivirus that was isolated from mosquitoes (Armigeres subalbatus) in 2006.
The genomes of AsTV, DTV and IMNV all have similar lengths (6780-7560 bp). Sequence comparisons showed that AsTV is more closely related to IMNV and DTV than to other members of the family Totiviridae. The AsTV coat protein shows higher amino acid identity with DTV (52 %) than with IMNV (29 %). Similarly, the RdRp identity is higher with DTV (51 %) than with IMNV (44 %). Overall, different members of the family Totiviridae, show amino acid identity values that range from 6 to 11 %, for the fulllength sequence of the coat or RdRp proteins.
IMNV, DTV and AsTV have a similar genome organization. The conventional definition of an 'ORF' with an initiating AUG, ending with a stop codon, identifies two non-overlapping ORFs in each genome. However, based on a reassessment of the coding strategy of IMNV by Nibert (2007) , we have found that the coding strategy of AsTV and DTV might also proceed through an alternative 21 frameshift pathway. This would generate a coat-RdRp fusion protein that would be proteolytically processed coor post-translationally to generate the mature coat-, RdRpand dsRNA-binding proteins. It is therefore possible that these proteins could be generated via two distinct translation strategies.
A comparison of the potential fusion sites generated by a predicted '21 frameshift', shows striking sequence similarities, with the presence of lysines, serines and phenylalanines/ tyrosines. Predicted pseudoknots were also identified in each of the three virus genomes, downstream of a 'slippery heptamer' (predicted for IMNV by Nibert, 2007) , while those of AsTV and DTV are identified here). The heptamers and pseudoknots both favour a 21 frameshift (Brierley et al., 1989; Giedroc et al., 2000; Plant et al., 2003) , and together with conservation of the fusion sites, strongly suggest that such a coding strategy is possible in these arthropod totiviruses.
Neighbour-joining phylogenetic analysis (using p-distance and the Poisson correction algorithms) showed that Poisson correction identifies groups that show a 'better fit' with the Totiviridae genera that are currently recognized. These analyses also showed that IMNV, DTV and AsTV form a distinct cluster from other members of the family Totiviridae. This is reflected by a higher level of amino acid identity in both the coat and the RdRp among these three viruses and as compared with other members of the virus family. We propose that IMNV, DTV and AsTV (the only three totiviruses isolated from arthropods) should be classified as members of a novel genus 'Artivirus' (derived from Arthropod totivirus). A formal proposal to this effect will be submitted to the International Committee for the Taxonomy of Viruses (ICTV). Isolates belonging to a single genus are identified as a single cluster. The only exception is for the RdRp tree, in which the Giardia lambia virus (GLV, type species of genus Giardiavirus) clusters separately from the other isolates of the same genus. Previous phylogenetic analyses using the most conserved sequences of totivirus RdRps (Ghabrial & Nibert, 2009 ) identified a similar grouping, where GLV does not cluster among other giardiaviruses. In both the coat and the RdRp trees, IMNV, AsTV and DTV are identified as members of a separate and closely related cluster that should be identified as a distinct genus within the family Totiviridae. The values at the nodes indicate the bootstrap confidence levels of 500 replications. Bars, 0.5 substitutions per site.
or replicate in mammalian cells. Baculoviruses, which have only ever been isolated from arthropods, can transduce mammalian cells via direct fusion with the plasma membrane, but cannot replicate in these cells (Blagborough et al., 2010) , suggesting that they could not productively infect mammalian species. Certain mosquito-borne arboviruses, such as Yunnan orbivirus (YUOV -genus Orbivirus, family Reoviridae) or Banna virus (BAV -genus Seadornavirus, family Reoviridae) have also been replicated successfully in BSR cells but not in other mammalian cells, such as Vero or BHK-21 (Attoui et al., 2009; Cowled et al., 2007) . Both BAV and YUOV were isolated from both vertebrates (in which they cause disease) and mosquitoes.
AsTV was also shown to replicate in both mosquito cells (C6/ 36 cells) and in BSR cells (as shown by successful serial passage of the virus), but not in either Vero or BHK-21 cells.
AsTV is the only member of the family Totiviridae that has been replicated in any mammalian system, suggesting that it may also be able to infect certain mammalian species. Its isolation from a haematophagous insect species suggests that it could potentially be an arbovirus. Molecular and serological field surveys (in the same region of China where the virus was first isolated) will include attempts to detect virus-specific antibodies and to make other virus isolates from potential mammalian hosts, to test this hypothesis. 
Giardia lamblia virus (GLV)
Giardiavirus L13218 52 % 51 % GLV (Giardiavirus) 8 % 7 % (22 % within the RdRp signature motif*) TVV-1 (Giardiavirus) 7 % 7 % (23 % within the RdRp signature motif*) LRV1-1 (Leishmaniavirus) 9 % 8 % (24 % within the RdRp signature motif*) Hv190SV (Victorivirus) 11 % 8 % (28 % within the RdRp signature motif*) ScV-L-A (Totivirus) 7 % 6 % (20 % within the RdRp signature motif*) ZbVZ (unassigned) 8 % 8 % (28 % within the RdRp signature motif*) EbRV-1 (unassigned) 8 % 6 % (21 % within the RdRp signature motif*)
*Aa 260-470 relative to the AsTV RdRp sequence.
METHODS
Cell cultures. Aedes albopictus C6/36 cell lines were grown in minimal essential medium (MEM; HyClone) with Hanks' salt solution supplemented with 10 % FBS, 100 U each penicillin and streptomycin ml 21 antibiotics. The C6/36 cells were propagated and maintained at 28 uC. BHK-21, Vero and BSR cells were grown in MEM with Earl's balanced salt solution supplemented with 10 % FBS, 100 U each penicillin and streptomycin ml 21 antibiotics. The mammalian cells were maintained at 37 uC under 5 % CO 2 .
Mosquito collection and virus isolation. Mosquitoes were collected for an arbovirus survey, at livestock breeding areas in the villages of Ankang City, Shaanxi Province. Collection locations were within 10 m of henhouses, hogpens and sheep pens. The mosquitoes were captured using an electrical mosquito aspirator. The collection nets containing the mosquitoes were frozen for 30 min at 220 uC and transferred onto an ice plate for determination of mosquito species (blood-fed and male mosquitoes were discarded from collections). Fifty to one hundred mosquitoes were sorted into each collection tube, which was then stored in liquid nitrogen. Pools of mosquitoes were added to 2 ml MEM, supplemented with 2 mM glutamine, 0.12 % NaHCO 3 , 100 U each penicillin and streptomycin ml 21 , followed by grinding in a pre-cooled sterile plastic grinding tube. Homogenized samples were centrifuged at 12 000 r.p.m. in a microcentrifuge for 20 min at 4 uC, and the clarified supernatant was diluted with an equal volume of MEM. Cells (C6/36, Vero, BHK-21 or BSR) in 24-well plates were inoculated with 500 ml of the clarified supernatant. The cells were observed daily to check for development of cytopathic effects. We attempted to identify the virus using ELISA and RT-PCR techniques that are well established for specific arboviruses, particularly the alphaviruses and flaviviruses (including: Mayaro virus, Sagiyama virus, Ross River virus, Chikungunya virus, Eastern and Western equine encephalitis viruses, Getah virus, Sindbis virus, Semliki Forest virus and Japanese encephalitis virus) but with no success.
Virus purification and transmission electron microscropy (TEM). C6/36 cells infected with AsTV were maintained at 28 uC for 3 days. Cells and supernatants were recovered and centrifuged at 2000 g for 5 min at 4 uC. Supernatants were collected and centrifuged at 110 000 g using an SW41 rotor for 30 min at 4 uC. Centrifugation of the supernatant was carried out over a cushion of sucrose 66 % (w/w) in 10 mM Tris/HCl pH 7.5. The virions were collected at the surface of the sucrose cushion and diluted in 100 mM PBS, pH 7.2. For TEM examination, viruses were adsorbed onto carbon-coated grids and stained with 2 % phosphotungstic acid. The grids were examined using a Tecnai 12 TEM (FEI Co.).
RNA extraction, cDNA synthesis and cloning. Viral RNA was extracted from 140 ml tissue culture supernatant from infected C6/36 cell cultures, using viral RNA kit (Qiagen) according to manufacturer's instruction. cDNA copies of the dsRNA genome were synthesized, cloned and sequenced using the single primer amplification technique as described previously (Attoui et al., 2000) . The key step for cDNA synthesis and cloning from these dsRNA segments was the ligation of a 39-amino blocked oligodeoxyribonucleotide (primer A: 59-PO4-AGGTCTCGTAGACCGTGCACC-NH 2 -39) to both 39-OH termini of the dsRNA, using 10 U T4 RNA ligase (New England Biolabs). The tailed dsRNA was run on a 1 % agarose gel and recovered using the RNaid kit. Viral dsRNA was denatured by heating at 99 uC for 1 min in the presence of 15 % DMSO. cDNA copies of the genomic RNA were synthesized using a complementary primer (primer B: 59-GGT-GCACGGTCTACGAGACCT-39) and 200 U MMuLV Superscript reverse transcriptase (Gibco-BRL). The cDNA was amplified using primer B and amplicons were analysed by agarose gel electrophoresis, then ligated into the pGEM-T cloning vector (Promega). The recombinant vector was transformed into competent XL-blue Escherichia coli and the insert sequence determined using M13 universal primers, the D-Rhodamine DNA sequencing kit and an ABI prism 377 sequence analyser (Perkin Elmer). PCR amplification was carried out using the triple master PCR kit (Eppendorf) and 0.5 mM each primer. Thermal cycling parameters were as follows: one cycle of denaturation (90 uC, 10 min) followed by 35 cycles of denaturation (94 uC, 50 s), annealing (50 uC, 2 min) and extension (68 uC, 3 min). The cycling programme ended by an extension step at 68 uC for 10 min. The annealing was set at 2 min to favour non-specific binding of Primer B (as described previously; Attoui et al., 2000) since the full-length products could not be obtained as a single PCR product. The cloning strategy is shown in Supplementary Fig. S2 (available in JGV Online). After cloning and sequencing of the first truncated fragment, further specific primers were designed at either ends to allow further RT-PCR amplification and sequencing using both the AsTV-specific primers and primer B as described previously (Attoui et al., 2000) . Amplified products were examined by AGE (1 % gel) and purified by QIAquick Gel Extraction kit (Qiagen).
Determination of genome composition. To determine whether the genome of AsTV was composed of DNA or RNA and whether it was single-stranded or double-stranded, viral RNA was incubated for 30 min at 37 uC with various nucleases. These included RNase-free DNase I (an endonuclease that digests single-and double-stranded DNA; New England Biolabs), S1 nuclease (a single-strand specific DNA and RNA endonuclease; TaKaRa) and RNase A (an endonuclease that cleaves single-stranded RNA; Sigma). The nuclease treatments were performed in 10 ml volumes. Each reaction contained 10 U RNase-free DNase I, 2.5 U S1 nuclease or 25 ng RNase A. The reactions were carried out at both high and low ionic strength conditions (high, 26SSC buffer or low 0.26SSC buffer; composition of 16SSC: 150 mM NaCl, 15 mM sodium citrate) . As for the control, a linearized plasmid DNA from pUC19 was used for the same treatments.
Phylogenetic analysis. Previously determined totivirus sequences downloaded from GenBank were used to build phylogenetic trees (Table 1) . Sequences were aligned using CLUSTAL_X, version 1.8 (Thompson et al., 1994) . Calculations of nucleic acid and amino acid sequence identities were performed using the programme MEGA version 4 (Kumar et al., 2004) . Neighbour-joining phylogenetic trees of CP and RdRp were also generated in MEGA, using the p-distance and the Poisson correction algorithms. The robustness of the branching was evaluated by bootstrapping using 500 replications.
The p-distance relates to identity levels and is defined as the proportion of amino acid sites at which the two sequences to be compared are different. It is obtained by dividing the number of amino acid differences by the total number of sites compared. It does not make any correction for multiple substitutions at the same site, or differences in evolutionary rates among sites. In contrast, the Poisson correction distance assumes equality of substitution rates among sites and equal amino acid frequencies, while correcting for multiple substitutions at the same site (Kumar et al., 2004) .
Assessing replication of the virus in mammalian cells. Virus in cell culture supernatant from infected C6/36 cells was used to infect monolayers of BSR, BHK-21 and Vero cells. The development of any noticeable cytopathic effect was monitored daily. Blind passages using both supernatant and scraped cells (lysed by Dounce homogenization) were performed for all three cell lines. Viral RNA was extracted from the infected cells and dsRNA purified using lithium chloride precipitation as described previously (Attoui et al., 2000) then analysed by AGE.
Virus replication was also monitored by RT-PCR by using specific primers designed from the sequence of the viral genome, which was determined for isolation strain AK-20 grown on C6/36 cells. These primers are: AsTVfor (59-GATATCAATTAACGGTTGCCAAGG-39, position 6440-6463) and AsTVrev (59-TGAGATTGTTCACCG-TTATGAAGG-39, position 6771-6748). The expected PCR product size is 332 bp. The identity of the RT-PCR products was confirmed by sequencing using the same PCR primers.
